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ABSTRACT
Joseph Pedano, The Effect of Particle Properties on the Flow Characteristics of
Electrophotographic Powders, 1998, Z. Otero Keil, Ph.D., P.E., College of
Engineering.

The effect of particle size on the flow characteristics and tribo-electrical charge of
dry electrophotographic (toner) powders was investigated. Toner samples,
consisting of the same base formulation, but differing in particle size were
prepared and studied using commercially available processing and analytical
equipment. The effect of post-blending fumed silica into the toner was also
investigated as part of this work. The results indicate that toner particle size has
a strong effect on toner flow characteristics. The flowability measurements that
were most affected by the particle size were the cohesiveness and
compressibility properties of the toner powders. The data showed that as particle
sizes increases toner flowability improves. The data also indicate that toner flow
properties are improved by the addition of fumed silica as a post-additive. The
addition of this post-additive appeared to lower the toner powder surface charge
(tribo-electrical charge) raising questions about potential print quality problems.
Print quality issues attributed to the lowering of surface charge include poor line
development and decrease image fusibility.

ABSTRACT
Joseph Pedano, The Effect of Particle Properties on the Flow Characteristics of
Electrophotographic Powders, 1998, Dr. Z. Otero Keil, Ph.D., P.E., Engineering.

The purpose of this work is to investigate the role that the particle size
distribution of a dry electrophotographic powder (toner), has on this material's
flow characteristics and tribo-electrical charge.
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Section 1: Introduction

The use of non-impact printing technologies has become the method of choice
for document production (or reproduction). These documents are produced via
several non-impact techniques including laser printing, ink jet printing, copying
machines, and fax machines. The consumables, such as dry or liquid toner, and
liquid ink used in these devices can differ significantly in composition and
performance. The purpose of this work is to investigate one such type of
consumable, dry toner.

In 1997, approximately 140 million pounds of dry toner were consumed by
businesses around the world. With the use of this large volume of toner
production, handling and the image quality standards for toned images have
been given much attention. In the production and handling of toner, as with other
types of fine powders, conveyance and storage are of major concern.
Fine powders, in general, have a tendency to settle in containers or float into the
air causing engineers to design elaborate systems to handle such difficulties.
Resolution and copy yield are of major importance in the area of image quality
and are being addressed by such companies as Eastman Kodak Company and
Xerox Corporation in the field of full color reproduction and photographic image
quality.

i

The purpose of this work is to investigate the role that the particle size
distribution of a dry electrophotographic powder (toner), has on this material's
flow characteristics and tribo-electrical charge (charge to mass ratio or surface
charge). The dual component (toner and developer) type of laser printing
systems are studied in this work. In these systems, toner must flow from a toner
hopper or vessel, then blend into the developer mix to obtain the needed charge
level. This toner must develop onto the latent image, which is resting on the
surface of a photosensitive member, to produce a quality visible image. The flow
characteristics and chargability of the toner govern these processes and
determine the efficiency of the toner.

The relationship between toner particle size distribution and toner flowabililty is
investigated; with emphasis on cohesiveness and compressibility. Cohesiveness
and compressibility are defined in Table 1.1 along with other flow characteristics.
These measurements are often used in the non-impact printing industry to
evaluate toner flowability. (Martin, 1993) The extent, of the impact of toner triboelectrical value on these flow properties is also characterized.

In the addition to particle size, flow characteristics, and charge to mass ratio,
toner rheological and bulk electrical properties affect the image quality. The
rheological properties include the softening point, dynamic viscosity, and glass
transition temperature. These properties determine how well the toner can
permanently adhere to a substrate such as paper or overhead transparency.
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The bulk electrical properties include toner resistance, dielectric constant, and
conductance. These properties help control toner, development and usage in
many cases. All of these properties as well as other internal properties partially
determine the ultimate quality of the printed image. These properties work
independently and synergistically in non-impact printers to produce images that
are free from image bleeding and fogging.

The invention of the electrophotographic copying process is one of the most
significant inventions of the twentieth century. (Cooper, 1992) This technology is
used throughout the world. Copying machines, fax machines, and laser printers
all use this technology. Since its beginning in the late 1930's, the demand for
better image quality from these electronic printing devices has been a major
driver of the non-impact printing industry.

The demand for sharper and better image quality has resulted in improved
resolution in these electrophotographic-printing machines. This increased
resolution (dpi or dots per inch) has made toner formulation and the process
control of toners more important than ever. As the resolution of laser printers has
continually increased, the particle size distributions and the average size of the
accompanying toners has decreased accordingly. It is well known that a finer
toner particle produces a higher image quality. Twenty years ago, the typical
toner would have had a median volumetric particle size of 15pm. Present day
toners can have a volume median as low as 8pim. New processing techniques
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and equipment will soon make it feasible to manufacture dry toner with a mean
particle size of 4 - 5pm (Gruber, 1998). This large decrease in particle size has
resulted in the reduction of toner flowabililty, and increased tribo-electrical
properties.

Problems associated with toner flowability include difficulties with pouring toner
into a printer (for bottled toner), and toner flow from a holding hopper into the rest
of the printer. Image quality issues such as light printing and poor contrast
center around toner particle size and surface charge. As the toner particle size
decreases, the toner surface area increases resulting in an increase of available
charging sites. This increase of charging sites raises the surface charge and a
lighter copy image is produced. As the demand for better image quality becomes
even greater, the particle size specifications for toners will likely decrease even
further. How this size reduction affects the toner's ability to travel in the printer
(flow) and develop a quality image is the focus of this investigation.

Dry toner is composed of thermo-plastic material(s) or resin(s) and colorants.
Beyond these essential ingredients, a particular toner design may contain charge
control additives to control charge level, surface additives to control flow and
cleaning properties, magnetic additives to aid in toner control and waxes to
promote toner release from the toner fusing roller. (Diamond, 1991) The
additional components can include quarternary amine salts used as charge
control agents, fumed silicas used as surface additives to improve toner flow and
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polypropylene to act as a releasing agent. These raw materials are generally
manufactured by pre-mixing the raw materials together, compounding or melt
mixing the raw materials with each other, reduction of the material to the correct
particle size distribution, and finally post-blending any flow additives into the
toner if necessary.

Table 1.1 Flow Measurement Descriptions
Measurement
Angle of Repose

Description
The angle between a flat plate or
surface and the slope of a pile
dropped from some height.

Affect
As the Angle of Repose
decreases flow improves.

Reference Values of Sand
25 %

Compressibility

The relative measurement of a
powders packed density to its
aerated density

As the Compressibility
increases flow improves

8%

Cohesiveness

The measurement of the apparent
cohesive force existing on the
surface of fine particles

As the Cohesiveness
decreases flow improves

0%

Angle of Spatula

A measurement of the relative
angle of internal friction for a
powder

As the Angle of Spatula
decreases flow improves

25 %

Flowability Index

An index that relates the above
measurements

As the Flowability Index
increases flow improves

90 to 100
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Section 2: Literature Review
2.1 Particle Size and Surface Charging
Gauy (1994) proposed that the universally observed and theoretically expected
mass per charge on the toner is a function of the toner concentration in the
developer mix. A relationship may be developed using a combination of physical
and chemical reactions occurring during the charging event. Since most of the
charge data used in the literature are for relatively long rolling (blending) times
the implication may be that physical contact during charging is the predominant
factor in charging. This mass per charge would ultimately control the amount of
toner being developed on the photo-conductor (and thus the paper) and as such,
a model that could predict the mass per charge of a toner would be useful in
determining image quality.

2.2 Flow Characteristics
A common method for the evaluation of the flow properties of powder was not
available until 1965. Carr (1965) studied the flow properties of nearly 3000
different powders using a series of standard tests. He found that by using the
angle of repose, angle of spatula, compressibility, and cohesion, the flow
properties of powders could be determined. His results indicated that as the
particle size of a powder increased, its flow improved. He found that powders
with more spherical particles had better flow properties. Carr also found that by
reducing the electrostatic attraction between particles powder flow improved.
More recently, Martin (1995) at the Xerox Corporation found that a cohesiveness
6

of 1- 2% and a compressibility of approximately 25% resulted in a toner powder
with very good flow characteristics. The shape of toner particles was studied by
Yamaguchi (1996). The results indicated that a toner with a semi-spherical shape
produced the best flow properties. The shape of the toner particles was found to
be an important determinant of the final image quality. An analysis conducted by
Nippon Zeon of Japan supports these results. It was concluded that a chemically
produced toner with a spherical shape had superior flow properties to those of a
toner having the same particle size but produced by conventional pulverizing
techniques which yield a toner with an irregular or jagged shape. (Yangida, 1998)

2.3 Post Additives
There have been many studies exploring the role of post additives and their
effects on toner flowability. Barthel (1996) found improved toner flow is achieved
by C-O and P=O functions in negative toner systems and by amino/ammonium
functions in positive toner systems. The study also found that high free flow was
related to high hydrophobicity and charging of the corresponding silica. In a
similar analysis Tabaru (1985) found that a silane compound having primary or
secondary amino radicals improved the resulting toner's angle of repose. Inoue
(1997) working with titanium oxide and aluminum found improvements in the flow
of toner through an auger dispenser. An Eastman Kodak Company study
showed that addition of a metal alkoxide improved toner flow properties (Yoerger,
1991). Studies investigating the effect of post additive blending methods have
also been performed. The tip speed of a blender can cause a post additive to be
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impacted on the surface of a toner particle. (van der Wel, 1998) This impaction
would yield a toner with a completely different flow property profile because of
the resulting toner blending method. This blend could have post additives
adhered to the surface of the toner or blended amongst the toner particles. Each
of these conditions would yield a toner with potentially different flow properties.
An analogy of these blending differences would be to compare the placing of
small ball bearings on your shoes opposed to spilling these ball bearings on the
floor. The reference of the ball bearing attached to the shoes would be similar to
adhering these post additives to the toner, while the reference to spilling the ball
bearing on the floor would relate to blending the post additives into the toner.
Each of these conditions would reduce the friction between toner particles but by
different levels.
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Section 3: The Printing Process and Toner Manufacturing

3.1 The Printing Process
Electrophotographic printing is a direct printing process where image information
in the form of electronic signals is converted to a latent electrostatic field stored
on a photoconductive dielectric material. (Johnson, 1986) This latent image is
then developed into a permanent visible image by using a toner material. In its
basic form this process consists of six major operations. Figure 3.1 is a
schematic of the printing process. A brief description of the basic printing
process is given below.

Charging - A photosensitive material in the form of a belt or tube is charged by
corona discharge to the appropriate level. In many laser printers this surface
charge is approximately 500 volts. (+/- depending on the polarity of the toner
being used)
Exposure - In this step a latent image is formed by a light source (laser) which
selectively discharges the background (non-image) areas leaving a latent image
on the photosensitive member in the form of a character or image.
Development - A developer mix (toner and developer material) by means of a
magnetic roller or some other delivery system is brought into the development
zone directly adjacent to the latent image. The toner is attracted to the latent
image due to the electrical fields and develops the latent image into a visible
image. This image resides on the surface of photosensitive material.
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Transfer- The developed image is transferred from the photosensitive
member by use of a transfer corona to the desired substrate. The transfer
voltage is of a polarity opposite to that of the toner. This causes the toner to
move from the photosensitive member (rotating drum) to the substrate, in the
exact pattern formed on the photosensitive member.
Fusing - At this point in the operation by using a combination of heat and
pressure, the toned image is made permanent on the substrate by forcing the
semi- molten toner into the fibers of a substrate. In some printers/copiers this
fusing process can also be accomplished by chemical methods.
Cleaning - At this point the photosensitive member is completely discharged
to a zero potential. Any toner, which has not been transferred to the substrate, is
removed by a cleaning method at this time. These cleaning methods can be
wiper blades or brushes. After cleaning, the printing process can be repeated.
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Figure 3.1.1 The Electrophotographic Printing Process

Exposure
Laser for Inage

Charge Corona
Clearing Brush,---_

i

I

_

?

}\

14

Fusing System

/
Transfer Corona

—)

\
\)

<

Toner Hopper

9

>

\si i

Developer Hopper
MagneticDeveloper Roller

Photoreceptor
1- Charging Step
2-Exposure Step
3- Image Development Step

4- Image Transfer Step
5- Image Fusing Step
6- Photoreceptor Cleaning Step

3.2 Toner Manufacturing
Toner can be produced in various ways and with many different types of
equipment. The most common method of production consists of pre-blending the
raw materials together, compounding the pre-mixed materials, pulverizing the
compounded material and then post-blending the pulverized material.

11

The pre-blending of raw materials used to produce toner can be performed in
basic blenders, from ribbon types to blenders equipped with high intensity
paddles. The raw materials are blended together to achieve a homogeneous
mixture. This mixture is then conveyed into a compounding machine.

The compounders used to manufacture toners can be twin screw extruders, two
roll mills, or bandbury mixers. The raw materials, when placed into these
compounders, are subjected to shear and dispersion forces that help work the
dry components of the formulation (such as carbon black or charge control
agent) into the polymer matrix of the system. This mixture is cooled to a solid
form by some method such as a chill roller. The solid form is then ready to be
pulverized.

Fluidized jet mills is the most commonly used technique for pulverizing toner. In
these mills, toner is introduced into air streams with high velocities. The toner is
made to strike a target or other toner particles to reduce the toner particle size.
This toner size is then classified using an air classifying system to obtain the
desired toner particle size distribution. The operation of air classifiers commonly
used in the toner industry can be described as follows. A wheel is made to rotate
at high speeds. When a toner sample, with a wide particle size distribution, is fed
into the classifying zone (determined by the wheel size and speed) the larger
toner particles, because of their fluid resistance migrate to the outer portion of the
classifying zone. The smaller toner particles of this toner sample move toward
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the center of the classifying zone also because of their fluid resistance. Toner
particles can then be collected at either position to produce a toner sample with
the desired toner particle size. If necessary, post-additives can be blended into
the toner at this time. The most common blenders used for post-blending are
high intensity mixers. These mixers are used to break up any agglomerate of
toner or post-additive particles and to thoroughly blend the toner and post
additive.
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Figure 3.2.1 The Toner Manufacturing Process
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This work will focus on the development operation. The effect of toner particle
size distribution on toner flow and charging will be studied. The effect of post
blending fumed silica into the toner to aid in its flowability will also be studied.
Finally, the effect of blender tip speed on toner particle size distribution, surface
charge, and flowability will be investigated.
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Section 4: Experimental Method

This section will detail the experimental methods and the manufacturing
techniques for the test toners used in this work. The formulation of the test
toners is also detailed in this section.

4.1 Test Toner Preparation
The formulation of the test toners are listed in Table 4.1.1. These raw materials
were placed into a high intensity mixer (tip speed approximately 350 rad/sec.)
where they were blended together for five minutes until a homogenous
composition was obtained.

Table 4.1.1 Toner Formulation
Material

Role in the formulation

Styrene Arcylate Copolymer ............... Binder
Styrene Arcylate Copolymer ............... Binder
Hydrocarbon polymer ........................ Binder
Carbon Black ......................Colorant
Amine .................................... Charge control agent
Polypropylene wax ...................... Release agent

Amount
40 -45%
40 - 45%
5 - 7%
3 -5%
2 - 3%
2- 4%

This pre-mixed material was then introduced into a twin rotating screw extruder
were all the pigments such as carbon black were melt mixed and dispersed
within the polymer matrix by shear and dispersion forces. The extruded toner
was then cooled to room temperature on a cooling belt system where it was then
15

pulverized into powder form using fluidized grinding mills. This material was then
subjected to a series of air classifying systems, as previously described, where
five samples of toner with different particle size distributions were then obtained.
Table 5.1.1 lists the actual particle size distributions of each for the test toners.

The following blending conditions were used for the toners with post-additive
blending. For low intensity blending an angular velocity of 68 rad/sec was
selected. For the high intensity blending a tip speed of 366 rad/sec was chosen.
These tip speeds represent the limits obtainable for the blender used. In each
post blending case the initial temperature of the toner was approximately 32 ° C,
and the final temperature was approximately 35°C. This final temperature is well
below the toners' glass transition temperature of approximately 620 C. This
prevented possible agglomeration of the individual toner particles resulting from
toner softening during blending. The post-additive used for the analysis is a
commercially available fumed silica surface treated to reduce water absorption
(Degussa Corp. PA, trade name R972). The toners produced were then
analyzed using the following analytical techniques.

4.2 Analytical Equipment and Descriptions
Particle Size Distribution Measurement- For this analysis a Coulter Multisizer
Particle Counter (model II, Coulter Electronics, FL) was used. A sample of toner
is dispersed in an electrolytic solution and introduced into the particle counter.
Using a vacuum pumping system, toner particles are counted and a statistical
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analysis is performed as the particles pass through a "voltage curtain". This is
accomplished by assuming a specific resistance for any given toner with a
particular particle size. As this toner passes through the voltage curtain there is
a voltage drop caused by the toner's resistance. These voltage drops are
calibrated to a predetermined particle size. This allows for the determination of
the complete particle size distribution for any toner.

Tribo-electrical measurement - By using a Faraday cage, voltmeter, and blow off
apparatus (Tribo-Tester Model 150, Vertex Inc of Yukon, PA) the charge to mass
of a toner can be determined. A sample of toner is placed into a glass jar along
with a developing material such as uncoated steel shot This mixture is tumbled
for a predetermined time to achieve a desired quantity of charge between the two
materials. The mixture is then placed into the faraday cage were it is then
connected to the voltmeter. The Faraday cage is placed into the blow off
apparatus where by using compressed air and vacuum the toner is removed
(blown off) from the developer mixture. As the toner is being removed, the
amount of charge remaining (which is the same charge on the toner but the
opposite polarity) on the developing material is obtained from the voltmeter
reading. The charge to mass for this sample can be calculated from the amount
of mass removed from the mixture.

Flow characteristics - To determine the flowability of toner, a commercial powder
flow apparatus (Hosokawa Powder Systems, Summit, NJ) was employed. This
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apparatus uses several individual flow properties of a powder to determine a
powder's flowability. The evaluation of the flow characteristics of a dry material
involves the use of four properties: (1) angle of repose, (2) compressibility, (3)
angle of spatula, and (4) either cohesion or coefficient of uniformity (Carr, 1965).
These measurements are described in Table 1.1. This apparatus is highly
versatile and can also be used to measure the floodability characteristics of
powder. The floodability of a powder can be defined as the powders' need for
agitation to promote movement in a hopper or vessel. These measurements,
which include the powders flowability, angle of fall, angle of difference, and
dispersibility are beyond the scope of this work but may be useful in future
studies.

Cohesiveness and compressibility have become increasingly important in the
toner industry and they will receive significant attention in this analysis. The
cohesiveness of a toner is its tendency to form self-aggregates. Electrostatic
attraction between particles, and physical adhesion are two important factors that
affect cohesion. Compressibility is the toner's tendency to bridge in toner
hoppers during storage or usage. The term bridging refers to toner that does not
empty correctly from a hopper. As toner is removed from the bottom of the
hopper fresh toner from above should replace the toner being removed. Bridging
occurs when this does not happen and a bridge of toner builds up in the toner
hopper. The degree to which a powder compresses is a good indicator of the
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powder's surface area, cohesion, and shape. For these reasons the
compressibility of a powder is a good way of measuring a powder's flowabililty.
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Section 5: Results and Discussion

5.1 Base Test Toners
Table 5.1.1 lists the results obtained for the five toners produced by the process
outlined in the previous chapter. The toners used contained no post-additives as
denoted in the column labeled "condition" in Table 5.1.1 All results in this work
are average values obtained from three measurements
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Table 5.1.1 Base Toners
Sample Number
Sample ID

1
1

2
2

3
3

4
4

5
5

Conditions
Post-Additive
Blended (Low Energy/High Energy)

No
No

No
No

No
No

No
No

No
No

Particle Size Distribution
Volume Median
Number Median
Number > 4 microns (%)
Number > 5 microns (%)
Number > 10 microns (%)
Number > 16 microns (%)
Number > 20 microns (%)
Number > 25 microns (%)
Number > 40 microns (%)
Skewness*
Kurtosis**

6.67
4.18
53.02
33.86
0.74
0.01
0
0
0
1.36e-001 LS
(7.31e-001)PL

7.2
4.96
66.72
47.8
2.03
0.04
0
0
0
(8.81 e-002)LS
(4.42e-001)PL

11.56
6.16
73.26
61.42
17.64
1.35
0.21
0.03
0
(3.83e-001)LS
(7.22e-001)PL

12.57
9.83
96.48
95.28
45.39
4.18
0.21
0.02
0
(1.28e+000)LS
3.94e+OOOLept

12.76
7.89
82.04
73.66
30.34
3.16
0.51
0.06
0
(1.51e-001)LS
(8.30e-001)PL

Surface Charge
Charge/Mass (mircocoluumbs/g)

38.8

38.7

20.6

16.1

16.8

59.9
0.18
0.39
52.9
76.23
55.8
19.3

60.18
0.19
0.37
54.68
75.08
45.96
23.9

54.96
0.29
0.5
41.14
72.8
13.38
35.5

52.57
0.31
0.52
39.53
74.03
19.13
36.75

46.84
0.31
0.52
38.82
71.18
16.78
39.5

51.8
8.1
37.57
37.2

52.12
8.06
49.44
42.6

34.02
20.94
58.24
71.8

32.7
19.87
61.53
74.42

29.84
17
60.14
73.3

Flow Properties
Angle of Repose (degrees)
Aerated Bulk Density (g/cc)
Packed Density (g/cc)
Compressibility (%)
Angle of Spatula (degrees)
Cohesiveness
Flowability Index
Flood Properties
Angle of Fall (degrees)
Angle of Difference (degrees)
Dispersibility (%)
Floodability Index
*RS=Right Skewed
LS=Left Skewed
**PL=Platykurtic

Lept=Leptokurtic
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Skewness and kurtosis are reported in Table 5.1.1 as indicators of the normality
of the toner particle size distribution. The kurtosis indicates the "flatness" of a
curve while skewness is an indicator of symmetry. These results can be used for
statistical analysis of raw data.

The data are listed in order of increasing volume median, measured in microns.
Figures 5.1.1 through 5.1.4 show the effect of toner volume median on the angle
of repose, compressibility, cohesiveness, and flowability. The volume median is
commonly used as the measure of a toner particle size along with the size
distribution. The volume median measurement will be used for the majority of
the analyses in this work. Figures 5.1.1 through 5.1.4 and Table 5.1.1 indicate
that the toner volume median has a significant effect on all the flow
characteristics.
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Figure 5.1.1
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Figure 5.1.1 shows the effect of toner volume median on compressibility. As the
toner particle size increases there is a corresponding decrease in the
compressibility of the toner. This decrease in compressibility results in a better
flowing toner. This data seems to make good sense since larger particles would
tend not to pack together like smaller particles. The large particles would also
have less surface area for the same amount of mass of particles, and the result
would be the lowering of the inter-particle attraction (cohesiveness) thus
decreasing the powders compressibility (improving flow).

The effect of the volume median on the angle of repose is shown in Figure 5.1.2.
The data are consistent with the results shown in Figure 5.1.1. As the particle
size of a toner increases there is an improvement in the toner flowability. The
method of determining the angle of repose makes it possible for the larger
particles to "roll" more freely downhill as the toner is poured from a certain height.
This freely rolling toner would then produce a lower angle than a toner with a
smaller volume median resulting in a toner with improved flow.

Figure 5.1.3 shows how a toner's volume median effects the cohesiveness of
that toner. This curve indicates that the toner particle size has a strong negative
impact on the toner cohesiveness. The increase in inter-particle attraction is the
result of the increased surface area of the toner as its particle size is reduced.
As the toner particle size is reduced more charging sites become available for
charging. This would then increase the electrostatic charge between particles
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thus increasing particle to particle attraction. The resulting toner exhibits poorer
flowing properties (or flowability).

Figure 5.1.4, shows the overall effect of an increasing particle size to toner
flowability. The data show that as the toner volume median increases the
flowability also increases. This conclusion is supported by the data presented in
Figures 5.1.1 through 5.1.3.

The above data indicate that the compressibility and cohesiveness are closely
related to the overall toner flowability. This is likely to be due to the increase in
surface area of toner with decreasing volume median. As mentioned before, an
increase in surface area increases the availability of potential charging sites.
This results in increasing electrostatic attraction between particles and the
corresponding decrease in toner flowability.
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Figure 5.1.5
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Figure 5.1.5 shows the relationship between toner particle size and surface
charge or tribo-electrical value. As expected, the data indicate that the toner
particle size strongly impacts the surface charge.

Many studies (Gauy 1994 and Yamaguchi 1996) show similar relationships
between toner particle size and surface charge. In these studies, the authors
showed that as toner particle size (Gauy, 1994) or shape (Yamaguchi, 1996)
changed so did that toner's surface charge.

The amount of roll time (blending of toner and developer together) was given as
one factor for this conclusion. As the duration of the roll time increased, the
charging sites of the toner had more "time" to find the charging sites on the
developer. This resulted in a higher charging system (toner and developer) as
time increased. However this system would be limited to the absolute number of
charging sites available between the toner and developer and once all sites were
exposed no further charging could be accomplished.

Another possible explanation is likely to involve the surface area of the toner. As
the volume median of toner increases its surface area decreases. As reported by
Yamaguchi (1996) a lower surface area was achieved through a shape change
of the toner particle. Toner with a spherical shape having approximately the
same volume median as that of a toner with a jagged shape was shown to have
less surface area than that of the toner particles produced with jagged edges.
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With a limited amount of charge control agent in each toner formulation, this
leads to less charge sites on the surface of the spherical toner particle. This
produces a toner with a lower surface charge.

5.2 Flow Additives and Particle Size using different Blending Intensity
For the remainder of this work, two toners (toner sample 1 and 2) from the
original toner samples were selected for further analysis. The two toners were
chosen because they had the greatest difference in particle size, were produced
by the same method, and had the same base formulation. The effect of postadditives and blending intensity on the particle size distribution, tribo-electrical
value and toner flow characteristics were investigated. The results of this
analysis are listed in Table 5.2.1 and 5.2.2. The effects of blending and postadditive addition for a toner sample (ID 4) are summarized in Table 5.2.1 This
toner sample was selected because it had the finest particle size distribution
among the test toners. Table 5.2.2 summarizes similar information for toner 4.
This sample ID 4 was selected because it had the greatest volume median of the
prepared toners. These toners allowed the evaluation of the differences between
a fine and course toner with respect to post additive addition and blending
intensity.
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Table 5.2.1 Properties of Fine Toner (ID 1)
Sample Number
Sample ID
Conditions
Post-Additive
Blended (Low Energy/High Energy)
Particle Size Distribution
Volume Median
Number Median
Number > 4 microns (%)
Number > 5 microns (%)
Number > 10 microns (%)
Number > 16 microns (%)
Number > 20 microns (%)
Number > 25 microns (%)
Number > 40 microns (%)0
Skewness*
Kurtosis**
Surface Charge
Charge/Mass (mircocoluumbs/g)
Flow Properties
Angle of Repose (degrees)
Aerated Bulk Density (g/cc)
Packed Density (g/cc)
Compressibility (%)
Angle of Spatula (degrees)
Cohesiveness
Flowability Index
Flood Properties
Angle of Fall (degrees)
Angle of Difference (degrees)
Dispersibility (%)
Floodability Index

6
1

7
1

8
1

9
1

10
1

No
No

No
Low

No
High

Yes
Low

Yes
High

6.67
4.18
53.02
33.86
0.74
0.01
0
0
1.36e-001 LS
(7.31 e-001)PL

7.56
4.83
64.12
45.82
2.32
0.06
0
0
0
(6.9e-002)LS
(6.78e-001)PL

8.26
4.92
64.52
47.69
4.1
0.07
0.01
0
0
1.72e-002RS
(7.24e-001)PL

6.8
4.32
55.18
36.54
0.85
0.03
0.01
0
0
0.77e-001 RS
(7.58e-001)PL

7.05
4.52
57.74
40.43
1.14
0.02
0
0
0
0.06e-001 LS
(7.88e-001)PL

38.8

36.6

39.2

32.6

36.1

59.9
0.18
0.39
52.9
76.23
55.8
19.3

56.87
0.18
0.36
51.03
76.77
68.3
21.17

55.73
0.17
0.37
53.03
80.77
56.93
20.17

56.2
0.21
0.36
42.7
69.97
14.73
34

59
0.21
0.38
43.7
70.6
29.2
31.33

51.8
8.1
37.57
37.2

53.43
3.43
45.67
34.83

49.5
6.23
45.53
41

45.1
11.1
54.07
59

42.47
16.53
54.03
62.75

*RS=Right Skewed
LS=Left Skewed
**PL=Platykurtic
Lept=Leptokurtic
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Table 5.2.1 indicates that the addition of fumed silica and blending intensity has a
significant effect on toner properties. One significant finding is that the particle
size (as measured once again by volume median) of this toner increases as the
blending intensity increases. This is evident by a comprehensive review of
particle size data. In both cases, with and without post additives, the volume
median increased as the blending intensity was increased. If the data without the
addition of any post-additive are examined, the particle size of those samples
increased to a greater extent than the particle size of toners with post-additives.
This is most likely due to the post additive being "in" the toner or "on" the toner.
"In" the toner would represent a post additive that is free to move between toner
particles. The particle size counter would then count these free moving postadditive particles as small toner particles. The result would be an overall smaller
toner volume median. A post-additive that has been placed "on" the toner would
be impacted onto the surfaces of the toner particle (as determined by scanning
electron microscopy or similar technique). The particle counter would not read
these as individual particles and the particle size would not be affected as
greatly.

The formation of toner aggregates when particles are subjected to collision
forces is likely to be the reason for the large particle size (Figure 5.2.1). These
agglomerates would increase the apparent particle size measured and widen the
distribution. The widening of the particle size distribution occurs because the
agglomerates created would produce toner particles of a larger size than were
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detected in the original toner particle size distribution. Addition of post-additive to
the toner does not result in a particle size increase of the same magnitude as the
increase observed in toner blended without post-additive. Blending intensity is
likely to be the reason for this effect. As the intensity of blending increases, the
post-additive changes from a free flowing material to one that is impacted on the
toner surface. In the former case, the particle size counter counts the sub-micron
particle size of the post-additive as toner particles (or individual particles). In the
latter case, the impacted post-additive with its relatively small particle size has
little effect on the toner particle size distribution measurement.

The flowability results of these test toners indicate a marginally positive effect on
the flow properties of the toner. There was improvement in the angle of repose,
which decreased from 59.9° to 55.7° . The remaining flow properties showed no
statistically significant improvement at a 95% confidence level. The addition of
the post-additive made the improvement slightly greater. There was statistically
significant improvement in the compressibility (from 52.9% to 43.7%),
cohesiveness (55.8 to 29.2) and the overall flowability index (19.3 to 31.33)

Of interest, are the results obtained for different blending intensities. There are
differences between a post-additive that has been "hard" or "soft" blended into
the toner. The term "soft" blended, should be considered the same as the term
"in" the toner, defined earlier in this work. The term "hard", refers to "on" the
toner. The data show that a soft blended post-additive has greater flow
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enhancing properties than hard blended post-additives. Comparing high "hard"
(Froude number <1) and "soft" (Froude number >>7) it can be concluded that a
soft contact of the surface modified silica and the toner resins will lead to more
favorable toner properties. (Barthel, 1997) The Froude number is a
measurement of the tip speed of a particular blender of mixer. This number can
be calculated from the equation below.
Fr = V 2 /gcL
Where V is the blade velocity, gc is the gravitational constant and L is the length
of the blades.

The surface charge measurements in this Table 5.2.1 show a slight change.
These changes in the surface charge are most likely due to the changes in the
toner particle size, which has already been discussed.

The data shown in the Figures 5.2.1 and 5.2.2 are categorized as "No Post Add"
and "Post Add". These categories refer to samples produced with no post
additives and samples produced with post additives respectively.

Figure 5.2.1, shows the relationship between blending intensity and volume
median. The figure indicates that as the intensity increases (greater tip speed)
the particle size also increases. As indicated in Table 5.2.1, the toner without
post-additive had a greater increase in particle size compared to the toner with
the post-additive. Also, the figure indicates that the slope of the line for toner
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blended without the post-additive is approximately 4 times greater than the slope
of the line for toner blended with the post-additive. The slope of the line for
blended toner with post-additive=0. 19, slope of the line for toner blended without
post-additive=0.80. This is likely due to the suppression of the blending
mechanism by the addition of post-additive. However, these results are not
completely understood.

Figure 5.2.2 shows the relationship between blending intensity and flowability.
The flowability of the toner with post-additive increased to a point and then
slightly decreased after a further increase in blending intensity. This is probably
related to the particle size of the toner. As the particle size of the toner
increases, due to particle agglomeration, the flowability of the toner improves.
This concept has been discussed in the analysis of the data in Table 5.1.1. As
the particles reach a certain size, the Froude number is large enough to begin to
reduce the toner particle size. As referred to previously in this work, the Froude
number is a measure of the tip speed of a blending device. It is believed that a
certain tip speed is needed (for a given starting toner particle size) to crack toner
particles. This has the effect of decreasing toner flowability, which was also
discussed using data Table 5.1.1.

Table 5.2.2 lists the summary of the same analysis for the toner with greater
initial particle size.
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Table 5.2.2 Properties of Coarse Toner (ID 4)
Sample Number
Sample ID

11
4

12
4

13
4

14
4

15
4

Conditions
Post-Additive
Blended (Low Energy/High Energy)

No
No

No
Low

No
High

Yes
Low

Yes
High

Particle Size Distribution
Volume Median
Number Median
Number > 4 microns (%)
Number > 5 microns (%)
Number > 10 microns (%)
Number > 16 microns (%)
Number > 20 microns (%)
Number > 25 microns (%)
Number > 40 microns (%)
Skewness*
Kurtosis**

12.57
9.83
96.48
95.28
45.39
4.18
0.21
0.02
0
(1.28e+000)LS
3.94e+OOOLept

12.82
9.85
94.98
93.1
45.95
4.5
0.75
0.09
0
(1.34e-001)LS
2.98e-001Lept

12.59
9.82
96.07
94.7
45.43
3.8
0.57
0.07
0
(1.34e-001)LS
3.66e-001Lept

Surface Charge
Charge/Mass (mircocoluumbs/g)
Flow Properties
Angle of Repose (degrees)
Aerated Bulk Density (g/cc)
Packed Density (g/cc)
Compressibility (%)
Angle of Spatula (degrees)
Cohesiveness
Flowability Index
Flood Properties
Angle of Fall (degrees)
Angle of Difference (degrees)
Dispersibility (%)
Floodability Index

12.49
12.27
9.24
8.64
89.23
83.75
85.68
77.93
37.24
33.28
2.8
2.75
0.46
0.44
0.27
0.05
0
0
(7.81 e-001)LS (1.13e+000)LS
(0.39e-001)Lept 3.11e+OOOLept

16.1

17.1

17.2

12.3

14.6

52.57
0.31
0.52
39.53
74.03
19.13
36.75

50.9
0.3
0.52
42.67
76.73
28.8
33.17

51.2
0.31
0.52
40.97
74.83
21.73
36.17

45.63
0.34
0.55
38.03
70.63
9.6
42.83

45.17
0.36
0.54
32.83
72.77
8.63
48.5

32.7
19.87
61.53
74.42

32.57
18.33
61.2
68.5

27.87
23.33
55.83
76.5

26.47
19.17
66.4
78.5

22.13
23.03
67.17
48.5

*RS=Right Skewed
LS=Left Skewed
**PL=Platykurtic
Lept=Leptokurtic
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The results reported in Table 5.2.2 are slightly different than those obtained for
the toner with smaller initial particle size (Table 5.2.1). This table shows that for
a toner with a larger initial particle, the particle size decreases as the blending
intensity is increased. As evidenced by a comparison between the volume
median obtained in Tables 5.2.1 and 5.2.2. This result is likely due to available
contact area of the toner particle to the blade tips. Basically the blade tips of the
blender have a larger target to hit, therefore there will be more collisions between
the toner particles, resulting in particle size reduction.

When the addition of the post-additive is considered, the particle size is not
effected to the same degree as without the post-additive. It is likely that as the
particle size decreases, (due to particle cracking by collisions with blade tips) the
reduction in the particle size is offset by the impaction of the post-additive onto
the surface of the toner particle. This impaction of post-additive would have the
effect of increasing the size of the individual toner particle.

The data indicate that toner flow characteristics do not improve greatly until the
addition of post-additive. Tables 5.2.1 and 5.2.2 indicate that the addition of the
post-additive also had a slight charge suppressing effect, as evident by the triboelectrical value. These results suggest the decreasing tribo-electrical value
should be considered an aid to the improvement in the flow properties of each
toner. Thus lowering the electrostatic attraction between toner particles will tend
to improve the flow characteristics of powders. When the addition of the post-
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additive is not considered, the charge to mass ratio of the toner increases as the
particle size decreases. This was also the result for the toner with smaller initial
particle size as indicated by Table 5.1.1.
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Figure 5.2.3 depicts the relationship between blending intensity and toner
compressibility. The figure shows that in both cases, with and without the
addition of post-additive, the compressibility improves with increasing blending
intensity. The data indicate that this improvement is greater for toners with postadditives.

Figure 5.2.4, shows the relationship between blending intensity and
cohesiveness. The figure indicates that the addition of post-additive enhanced
flow properties. The data show that initially the cohesiveness increases (poorer
flowability) at the lower blending intensity. As the blending intensity increases
the cohesiveness decreases (improved flowability). This is likely due to the
change in the particle size of the toner as the blending intensity increases. At the
lower blending intensities, the size of the toner changes to a finer particle size.
Then as the blending intensity increases, the toner size increases. This results in
an improvement in the cohesiveness of the toner. The reasons for this blending
effect are not clear, but are the likely result of toner particle to toner particle
impaction at the higher blending intensities.

42

Figure 5.2.3
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Conclusions and Recommendations
This work clearly establishes the importance of toner particle size on the
flowability properties of the toner, and ultimately on the image quality. The data
indicate that as the particle size of a toner sample increases, the flow properties
improve. This effect is significant for toners with and without post-additives. The
toner particle size also had the effect of decreasing the tribo-electrical value as
the particle size increases. These two relationships are inter-related in that as
the particle size increases the surface area (charge sites) decreases. This
lowers the electrostatic attraction between the toner particles. The result is an
improvement in toner flowability. These results are similar to those obtained by
other investigations conducted by (Gauy, 1994) and (Yamaguchi, 1996).

This work also indicates that the blending intensity has an effect on the flowability
of a toner sample. When considering the finer particle size toners, the particle
size of the toner increases as the blending intensity increases. This may be due
to the agglomeration of the finer toner particles during blending. For those toners
with larger particle sizes, the blending intensity has the reverse effect on the
particle size of the toner. The blending intensity also seems to have an effect on
the final "location" of a post-additive in a toner sample. At low blending
intensities the post-additive is distributed within the toner distribution and this is
called soft blending. At the higher blending intensities the post-additives seem to
have been impacted on the surface of the toner particles. This type of blending
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is known as hard blending. Depending on the size of the toner, the
improvements in flow properties vary between the two blending models.

The best improvement in flowability came with the addition of the post-additive.
These post-additives act as lubricants for the toner particles. The post-additives
also decreased the surface charge on the toner, which may explain the
improvements in flow.

To offset the decrease in the flowability of toners, due to the decreasing toner
particle size, it may be necessary to increase the concentrations of postadditives. This increase in post-additives may change the charge to mass ratios
of the toner to levels that become a concern to image quality. The data in this
work showed that the addition of post-additives had a charge suppressing effect,
which is common of many post-additives available at present. This effect would
result in the optical density of the printed image to increase (become darker).
This darker image could potentially produce a printing system that has a lower
toner yield, foggy or graying background (in non-image areas), and poorer toner
adhesion to the paper. With these possible image concerns, the move to higher
concentrations of post-additives to promote better toner flowability is proceeding
with utmost caution. Also, with the industry moving toward photographic quality
images (and full color) this darkening (and in some cases lightening) of the image
could have serious implications for that technology.
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The shape of the toner particles should be explored as a means to improve flow
properties. Toner particles are mostly irregularly shaped, and the production of
rounded (or spherical) toner particles may be a means of obtaining high
flowability of toners. But with spherical particles the concerns of decreased
surface area (and thus charging sites) must also be considered. This reduction
in surface area could also produce the same quality concerns associated with the
addition of higher levels of post-additives. An area that might be explored is a
hybrid of the two shapes. With a semi-rounded toner particle the toner flowability
should improve while maintaining some degree of higher surface area.

New and improved post-additives need to be considered. Additives should be
formulated to increase toner flow while not affecting the tribo-electrical property
of the toner.

Although this work deals exclusively with toners the results presented here can
be applied to any industry where powder transfer and flowability are part of
processing or manufacturing.
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